I. INTRODUCTION
Patterned magnetic structures fabricated by lithography such as small particles with dimension on sub-micron or nano-meter scale, are candidates for a new generation of magnetic high storage media. [1] [2] [3] Alternatively, the antidot array, which consists of a mesh of holes in a continuous magnetic film has also been discussed as a competitor for high-density storage media with the merit of higher stability than continuous media. 4 The antidot pattern modifies the magnetization dynamics of the medium, creating regions with well-defined remanence which could be used for data storage. Micromagnetic studies 5, 6 indicate that an areal storage density of 6.3 Gbits/in. 2 for a 160 nm antidot array could be achieved. Experimental studies of magnetic hole arrays investigated various properties, such as permeability, 7 magnetoresistance, 8 and magnetization reversal. 9 In this work, micron-size antidot arrays in permalloy are studied using MFM, MOKE, and torque magnetometry. The magnetic anisotropy, domain structures, and magnetization reversal processes are investigated.
II. EXPERIMENT
A permalloy film 40 nm thick was deposited on a Si ͑100͒ with native oxide by dc-sputtering. Hole arrays were transferred from a mask into the film using contact photolithography. The antidots presented in this paper are about 1.6 m in diameter with a separation of 1.4 m. Magnetic domain structures were obtained via magnetic force microscopy using a Nanoscope Dimension III in a lift mode. Commercial Co-Cr alloy probe tips with high sensitivity and coercivity are used to map the domain structures. A magnetic field up to 140 Oe was applied in the film plane during MFM imaging. Torque curves were measured on a highly sensitive torque magnetometer 10 with the torque sensitivity up to 10 Ϫ6 dyn cm. Magnetic hysteresis loops were measured by MOKE in the longitudinal configuration, which probes inplane magnetization. Figure 1 shows the MFM images of the remanent magnetic state of a square antidot array together with the magnetization distribution from a micromagnetic simulation. A highly ordered domain pattern is observed, which is commensurate with the hole mesh due to the formation of magnetic poles at the hole edges. The MFM image in Fig. 1͑a͒ has three different domains. Two are wedge-shaped domains connecting the holes at each end and one is a diamondshaped domain. For the wedge-shaped domains, the magnetization vector is parallel to the connecting boundaries at the holes and points from dark to bright inside the domain. The magnetization vector in the diamond-shaped domain is oriented along the diagonal. This pattern results in four 135°N
III. DOMAIN STRUCTURES AT REMANENT AND DEMAGNETIZED STATES
éel walls between the wedge-shaped and diamond-shaped domains with one pair of walls skewed toward orientations that bisects the angle between the magnetization in the neighboring domains. This configuration minimizes magnetostatic energy and avoids any magnetic net charge around the holes. Figure 1͑b͒ shows the magnetization distribution at remanent state obtained from a micromagnetic simulation using the OOMMF program, which integrates the Landau-Lifshitz equation on a 2D grid with 3D magnetization spins. 11 The modeling result is consistent with the MFM image interpretation. For the demagnetized state, three domains are still present, but the pattern is no longer as highly ordered as it is in the remanent state. Closure domain structures form around Figure 2 shows torque curves of the square mesh at different values of applied field. Zero degrees is defined as the direction of the nearest-neighbor direction of the holes in the mesh. A four-fold anisotropy is present at intermediate fields. The torque curves indicate that the easy and hard axes are the along the diagonal and nearest-neighbor directions, respectively. By assuming an anisotropy energy E ϭK 2 Sin 2 ϩK 4 Sin 2 2, the four-fold anisotropy constant has a maximum value of 4ϫ10 Ϫ3 erg/cm 3 at an applied field of 100 Oe and it decreases with increasing field. The fourfold anisotropy constant has its origin in the anisotropic domain structures as shown in Fig. 1͑a͒ . The magnetization is dominated by the diamond-shaped domain and prefers to orient along the diagonal direction, leading to a four-fold anisotropy with an easy axis along the diagonal directions. The four-fold anisotropy constant (K 4 ) decreases by a factor of 6 as the field is increased to 2.1 kOe, which is attributed to the vanishing of the domain structures at saturation.
IV. MAGNETIC ANISOTROPY
At the saturation field the domain pattern and hence the four-fold anisotropy should vanish. The magnetostatic energy for saturated antidots can be easily estimated by assuming each hole is a dipole. The mutual interaction energy between two dipoles p 1 and p 2 is
where r is the distance between the dipoles and n is the unit vector in the direction from dipole 1 to dipole 2. For a twodimensional antidot array, the energy as a function of azimuthal angle is calculated by assuming all dipoles have the same orientation in a saturation field. This gives an isotropic energy distribution for the square mesh, therefore the fourfold anisotropy originates only from the domain structures.
V. MAGNETIZATION REVERSAL
MOKE was used to study the magnetization reversal processes as a function of azimuthal angle. The anisotropically pinned domain pattern results in the hysteresis loops that resemble easy and hard axis loops as shown in Fig. 3 . The remanent magnetization ratios are 0.9 and 0.65 along the diagonal and nearest-neighbor directions, respectively. The larger squareness with an abrupt jump of magnetization at 17 Oe for the diagonal loop indicates a sudden magnetization switch for individual domains. The magnetization loop along the nearest-neighbor direction shows a smoother reversal process.
The magnetization reversal is examined in more detail by MFM as a function of applied field along the nearestneighbor direction ͑Fig. 4͒. When the applied field less than the saturation field for Fig. 4͑a͒ , the pinned domains are still visible. When the field is decreased to 50 Oe in Fig. 4͑c͒ , the three domains observed at remanent state are distinguishable but distorted. Compared to the pattern of the remanent state in Fig. 1͑a͒ , one wedge-shaped domain with magnetization parallel to applying field has a larger area, and the other domains are smaller. Decreasing the field further results in the distorted domains reverting to the highly ordered pattern by increasing or decreasing of the individual domain areas. This process corresponds to a smooth decrease of the component of magnetization parallel to the applied field as shown on the MOKE hysteresis loop. When the field is increased in the opposite direction, the increase or decrease of the individual domain areas continues until the critical field of about 15 Oe is reached. At this field magnetization switching is activated. Figure 4͑d͒ shows the domain structure at the critical state, where some diamondshaped domains have undergone 90°magnetization rotations and some of the parallel wedge-shaped domains have rotated 180°. The rotation is observed to occur collectively, with a whole column or row of domains switching at once. As shown in Fig. 4͑d͒ , one row of the domains have completed the rotation with the other rows remaining in the initial orientation. This magnetization switch corresponds to the jump observed from the hysteresis loop in Fig. 3͑a͒ . With further increasing field, the diamond-shaped and wedge-shaped domains finish the rotations, and start to increase and decrease in area, respectively.
When the field was applied along the diagonal direction ͑second nearest neighbor͒, the magnetization reversal is somewhat different with only a 180°magnetization rotation as shown in Fig. 5 . At an applied field of 140 Oe, the areas of the wedge-shaped domains are reduced and the areas of the diamond-shaped domains are enlarged. The magnetization vectors of the wedge domains rotate toward the direction of the applied field and the magnetization vectors of the diamond-shaped domains remain unchanged. When the field is reduced to zero, the areas of the wedged-domains increase and the areas of the diamond-shaped domains decrease accordingly. Upon reversal of the applied field, the areas of the wedge-shaped domains expand with and areas of the diamond-shaped domains shrink. At a critical field around 17 Oe, the magnetization vectors in all domains rotate 180°as shown in Fig. 5͑b͒ ; leading to the steep jump of the hysteresis loop shown in Fig. 3͑b͒ . With a further increase of field, only the areas of the domains change.
VI. SUMMARY
When the antidot pattern is smaller than the intrinsic domain size of the film, the pattern determines the domain structure. The domain structure then induces a pseudo anisotropy at fields greater than the coercivity and less than the saturation field. Different magnetization reversal processes occur for fields applied along the first and second neighbor directions of the unit mesh. FIG. 5 . MFM images of the 180-degree magnetization switch during magnetization reversal with the field applied along the diagonal direction with applied fields of ͑a͒ Ϫ17 Oe and ͑b͒ Ϫ30 Oe.
